Abstract. The LIGO Scientific
Introduction
The goal of the LIGO project and the LIGO Scientific Collaboration is to combine commissioning and data-taking, in order to obtain one year of integrated data at a strain sensitivity of h ∼ 10 −21 by the end of 2006. There have been three datataking runs to date, with considerable improvement in sensitivity in each one, as shown in Figure 1 . However, the improvement in sensitivity is only half the story: the work on detector characterization, and the analysis of the data has also improved significantly with each science run, providing a promising start and a bright future for scientific results with interferometric gravitational wave detectors. The LIGO Scientific Collaboration has a strong international character: it analyzes the data from the three LIGO US detectors and the GEO600 detector using the same methods, and the working groups have members in the US and Europe meeting on a regular basis. There is also an on-going joint data analysis effort between the LIGO Scientific Collaboration and the TAMA project §, and there are already seeds for exchange of information between the LIGO Scientific Collaboration and the VIRGO projects, which are helped by the fruitful discussions in international conferences, such as this Workshop.
In this article, we discuss some details of the performance of the LIGO detectors during the first three Science Runs done in [2002] [2003] [2004] , the results of the data analysis done with the First Science Run, and the prospects for the data analysis of the the Second and Third Science Runs. ‡ Gabriela González (gonzalez@lsu.edu) presented this talk in the 8th Gravitational Waves Data Analysis Workshop, Dec 17, 2003, in Milwaukee, Wisconsin, on behalf of the LIGO Scientific Collaboration § a report on this effort was presented by P. Sutton in this Workshop The figure shows the performance of the detector with best sensitivity in each of the three Science Runs performed to the present time. Also plotted is the best sensitivity achieved in the last Engineering Run before the first Science Run, and the goal sensitivity for the 4km LIGO detectors. Although only the best detector is plotted for each Run, all detectors in any given Run performed than the best one in the previous Run, so the rate of progress in all detectors is fairly represented by these curves.
The Science Runs: details
Just two years ago, the LIGO Scientific Collaboration had an extended Engineering Run to test for the first time the performance of the LIGO and GEO interferometers over an extended periods of time (Dec 28, 2003-Jan 14, 2002), involving shifts and operations 24 hours a day. Since then, the LIGO Scientific Collaboration has performed to date three data-taking runs (and several other short engineering runs). The progress in sensitivity in the LIGO detectors has been impressive, as shown in Figure. 1. A fourth science run is planned for November-December 2004, with future science runs likely to have the detectors operating close or at their designed sensitivity, for several months at a time.
First Science Run
The First Science Run was held for 17 days between Aug 23 and September 9, 2002, operating the three LIGO detectors with their full optical configuration (power recycled Michelson interferometers with arm cavities) and the GEO detector (with a power recycled configuration, but without signal recycling). The duty cycle of the GEO detector was 98%, while the LIGO detectors had different duty cycles: 73% for the 2km detector at the Hanford Observatory, or H2; 58% for the 4km detector at the Hanford Observatory, or H1; and 42% for the 4km detector at the Livingston Observatory, or L1. The relatively poor duty cycle for L1 was due to anthropogenic diurnal low-frequency seismic noise which prevented operations during the day on weekdays. A new hydraulic seismic isolation system is being installed at this time (April 2004), and we expect to be able to operate the detector during the daytime when the installation is complete. The sensitivity of the detectors was quite different, too, almost inversely proportional to their duty cycle: the Livingston detector had the best sensitivity, reaching an amplitude spectral amplitude of 10 −17 m/ √ Hz between 300 Hz and 400 Hz. The displacement sensitivity of H1 and H2 was a factor of 2-4 worse, but within the same order of magnitude. The best sensitivity of the GEO detector was about the same as the Hanford detectors in displacement units, but at higher frequencies (2 kHz). However, when the noise is converted intro strain units, the L1 and H1 detectors end up with significantly better sensitivity than the H2 or GEO detectors (2km and 600 meters long, respectively,a s opposed to 4km long for L1 and H1). More details about the configuration and performance of the detectors during the First Science Run can be found in Reference. [1] .
This Science Run has resulted in several scientific results, summarized in Section. 3.
Second and Third Science Runs
The LIGO Scientific Collaboration has performed two other longer data-taking runs. The Second Science Run was held for 59 days, from February 14, 2003 to April 14, 2003. The GEO detector was not running at the time, but all three LIGO detectors were operating with significantly better sensitivity than during the first Science Run. There are more than 300 hours of triple-coincidence data, with record sensitivities: all three LIGO detectors had displacement spectral amplitudes near 10 −18 m/ √ Hz, between 200 Hz and 400 Hz. The strain sensitivities in this Science Run were within an order of magnitude of the goal sensitivity for the LIGO detectors. The duty cycles were similar to previous ones, between 37% for L1 to 74% for H1.
Finally, the Third Science run was held for 70 days, from October 31, 2003 until Jan 9, 2004. This Science Run had again all three LIGO detectors operating, and the GEO detector operating during the first and last week. The GEO detector was operating with a dual-recycled configuration. The Livingston detector was not completely ready at the start of the run, so in the beginning of the run the datataking alternated with some commissioning (in all three detectors) that resulted in a more stable configuration. The duty cycles were in consequence slightly worse than for previous runs, from 22% for L1, to 69% for H1. The H1 sensitivity improved significantly with respect to the previous run: at its best, the H1 detector had a displacement spectral amplitude of 2 − 3 × 10 −19 m/ √ Hz between 100 and 200 Hz, within a factor of two of the goal sensitivity.
Data Analysis of The First Science Run: Results
The LIGO Scientific Collaboration has organized four groups with members dedicated to the search for gravitational waves of different character: continuous monochromatic signals, stationary stochastic signals, inspiral waveforms, and short bursts. Each group has developed different algorithms, using different methods or targeting different sources of gravitational waves, and has produced a number of results that can be found in References. [2, 3, 4, 5] .
Search for continuous waves
Stars with a quadrupole moment that continuously rotate at a constant frequency would produce periodic gravitational wave signals with constant amplitude, at twice the rotation frequency. Strains as small as h 0 ≈ 10 −24 − 10 −25 could be detected with the LIGO interferometers in a frequency window between 40Hz-2kHz, if the detectors are operating at their design sensitivity, and with one year of integrated data.
There are many known radio pulsars whose rotation frequency puts them in the detectable frequency window. Upper limits to the amplitude of the gravitational waves emitted by these pulsars can be set by their measured spin-down rates, if a moment of inertia (involving mass and radius of the neutron star) is assumed. Although these limits are well below the sensitivity of the detectors during S1, the search for continuous wave signals was worthwhile, not only to test the data analysis algorithms on real data, but also to set direct observational limits.
The data collected by all four detectors were searched for gravitational waves emitted by a specific source, the fastest known pulsar, J1939+2134, rotating at 624 Hz [2] . Two different and independent data analysis methods were used: one in the frequency domain, and a second one in the time domain.
The frequency domain technique involved Fourier transforms of short data segments where the signal (if present) would have a constant instantaneous frequency, and the noise was stationary: this time interval was taken as 60 seconds. (Shorter times would also be suitable, but increase the computational load.) Then, a maximumlikelihood statistic is used to compute a quantity (denoted 2F * ) from the correlation (in the frequency domain) of the calibrated detector signal, and the target signal, as a function of the unknown parameters (pulsar angle, gravitational wave polarization, and initial phase). In the presence of Gaussian noise, 2F
* is a random variable, following a χ 2 distribution with four degrees of freedom. In the presence of a signal h(t) added to white noise with spectral density S n , the distribution has a non-centrality parameter approximately equal to 2 T obs |h(t)| 2 dt/S n . A probability density function p(2F|h 0 )) for the value of the quantity 2F * in the presence of a signal of amplitude h 0 is measured by injecting simulated signals at nearby frequencies, and running the search to calculate the 2F value. The distribution p(2F|h 0 )) was measured for all detectors in S1, using all the data available (∼ 17 days for GEO, 6 days for L1, and 9 days for H1 and H2), injecting the most pessimistic orientation and polarization of the pulsar with respect to each detector, to obtain a conservative limit. From the measured distributions p(2F|h 0 )) and the actual value 2F
* obtained for the search in each detector, we can calculate the probability of getting the actual value or greater in the absence of any signal:
. This probability ranged between 0.2 (for H1) to 0.8 (for GEO). Since these probabilities are significantly large, the result is interpreted as a null result: no signal was found. We can also deduce the value h 0 such that the probability of obtaining the actual value 2F * or greater is 95%: this is interpreted, using a frequentist analysis, as an upper limit h 0 , with 95% confidence level. The values so obtained ranged from 2.7 × 10 −22 (for L1) to 1.9 × 10 −21 (for GEO). The measured distributions were nicely fit for all detectors by the expected χ 2 distribution, with central parameters that are consistent with the upper limits h 0 obtained, showing the consistency of the analysis performed.
In the time domain method, the output of the detector is demodulated with a signal with the expected phase evolution, taking into account the intrinsic pulsar frequency, the spin down rate and the Doppler shift, since they are all known parameters. In this way, we obtain a time series for a complex number with sampling frequency of 1/(60 seconds), that can be fitted to search for the unknown pulsar parameters, including the amplitude. The distribution of these samples, in the absence of signal, is a Gaussian distribution with zero mean and variance of one. Again, the measured distributions, normalized by the measured noise variance, are nicely fitted to the expected Gaussian distributions. In this case, a Bayesian approach was taken to calculate a posterior probability density function, marginalizing over all parameters except the amplitude h 0 . From this distribution, a 95% upper limit can be inferred. These upper limits range from 1.4 × 10 −22 for L1, to 2.2 × 10 −21 for GEO. The exercise to set upper limits on this particular pulsar has been very fruitful: these new direct observational limits beat older ones by one to several orders of magnitude, but also indicate that the tools are in hand to perform broader and deeper searches. Work is underway to use the data gathered in the S2 and S3 Science Runs to search for all known pulsars in the detectors' frequency band, and to perform a deeper search for The Crab and Sco-X1. The most challenging project is to perform a non-targeted search that could set upper limits for the amplitude of gravitational waves emitted by any pulsar with rotation frequency in a given band. Such an upper limit could also be interpreted in terms of allowed ellipticities of the neutron stars (as a function of distance and moment of inertia). For example, the upper limit h 0 < 1.4 × 10 −22 obtained with S1 for J1939+1324 can be interpreted as an upper limit on the ellipticity of < 2.9 × 10 −4 , assuming a distance of 3.6 kpc and a moment of inertia I zz = 10 45 g cm 2 . Ellipticities of ∼ 10 −4 could in principle be generated strong interior magnetic fields. Although the specific upper limit on ellipticity for J1093+1324 is not interesting (since there are better limits inferred from the spin down rate), future upper limits set on unknown pulsars on broad frequency regions would lead to strong constraints on the strength of magnetic fields allowed for neutron stars in the galaxy. This is another example of the "gravitational wave astronomy" era that is starting with the data already available.
Search for inspiral waveforms
Binary systems of compact stars (neutron stars or black holes) produce gravitational waves that increase in frequency and amplitude while the orbit decreases due to the loss of energy carried away by the gravitational waves. The frequency of the last few orbits before coalescence for neutron stars is near 1kHz, so the signals from these systems, if close enough, would sweep the sensitive band of the interferometric detectors. Final frequencies of black hole binary systems are lower, depending on their masses: a binary system with two 10M black holes would have a last stable orbit near 300 Hz, with the frequency inversely proportional to the total mass. These black holes are thus also targets for the LIGO interferometers.
The astrophysical rate of these sources is uncertain, but recent observations of a new double binary pulsar system allow the prediction of a rate of binary neutron stars of 1 per (5-250) yr observable by initial LIGO, with an upper limit to the rate (with 95% confidence level) is 1 per 1.5 yr [6] . The same analysis predicts for Advanced LIGO a rate of 20-1000 events per year.
If the stars are far enough from coalescence, the inspiral waveforms can be calculated using post-Newtonian approximations. The parameters for these waveforms are the masses of the stars, the coordinates of the source in the sky, the radial distance from the source, and the time before coalescence. With known templates, the data from the interferometric detectors can be searched using matched filtering techniques. Given a noise spectral density for a detector, one can calculate the distance up to which a neutron star system, with 1.4 M each and average orientation and position in the sky, could be observed with a signal-to-noise ration of 6.5. This astrophysical reach is another way of measuring the improvement of the LIGO detectors during the three Science Runs taken so far: in the first Science Run, the reach of the detectors defined in this way was up to 100 kpc; in the Second Science Run, up to 1.5 Mpc; and in the Third Science Run, up to 6 Mpc. The goal for initial LIGO's reach is 20 Mpc.
Using matched filtering techniques, a search for binary neutron stars with mass between 1 M and 3 M was done using the First Science Run data for the L1 and H1 detectors [3] . All data in both detectors was searched, even if only one of them was operating. We made a list of triggers in each detector with signal to noise ratio larger than 6.5 and a minimal cut in a quality-of-fit parameter. We looked for candidate events among coincident triggers (within a 11 ms window) with a consistent estimated distance: there were no such candidates. In fact, there were no triggers in the more sensitive detector with signal to noise ratio large enough to be expected to be above our cut in signal to noise ratio in the less sensitive detector, so the coincidence "test" was mute. The list of remaining triggers (present in one interferometer when the other was not operational, or present in L1 but with signal to noise ratio too low to be expected in H1), were not candidates for detection any longer, but were plausible candidates for gravitational wave signals; we thus used the list to set an upper limit on the event rate of binary neutron star coalescence in the Galaxy. In order to do this, we measured the efficiency of the search method to a modeled target population (made up of the Milky Way Galaxy, and the Large and Small Magellanic clouds), injecting simulated signals in software, and measuring the detection rate. The measured "efficiency" is a function of signal to noise: (ρ * ) is the fraction of simulated signals recovered with a signal to noise ratio ρ larger than ρ * . Given a true event rate R and observation time T , the probability of observing an inspiral signal with ρ > ρ * is P (ρ > ρ * ; R) = 1 − e −RT (ρ * ) . Using ρ * = ρ max , where ρ max is the largest signal-to-noise ratio of the list of triggers, we can then calculate a frequentist upper limit on the rate with some confidence level P : R 90% = 2.3/T (ρ max ) [7] . We translate this into an upper limit for the Milky Way Galaxy by scaling the target population (which included the Magellanic Clouds) and the Milky Way population, using their blue-light luminosities. The observation time was 236 hrs; the largest SNR observed was ρ max = 15.9; the measured efficiency at this SNR was (15.9) = 0.53; the ratio of the target population the the Milky Way (or a Milky Way equivalent galaxy, MWEG) is L pop /L G = 1.13; the estimated upper limit is then R = 1.4 × 10 2 yr −1 MWEG −1 . We estimate aggregated statistical and systematic errors of 20%, and then obtain a upper limit for the event rate R < 1.7 × 10 2 yr −1 MWEG −1 . The most optimistic astrophysical models for binary neutron star systems predict a Galactic rate smaller than 2 × 10 −3 [6] . Our new observational upper limit does not constrain any models for the Galaxy, but it is better than any previously published observational limit from gravitational wave detectors. The search is also the first time that we looked for neutron star inspiral waveforms in LIGO interferometers, showing that the methods are available to detect these signals, if we have operational detectors when such an event happens.
A new binary neutron star search is now being done with the longer and more sensitive data sets from the Second and Third Science Runs: these searches will have extra-galactic sensitivity for the first time. Moreover, a search for waveforms from binary black holes will be performed for the first time. Waveforms from binary black hole systems present new challenges: for black holes with masses near 10M , waveforms from binary systems would have few cycles in the detectors band before coalescence, when the post-Newtonian approximations are least reliable. If spinning black holes are considered, the waveforms have a modulated amplitude, and several more parameters are needed in the family of templates to search. However, searching for binary black hole systems are promising because their signals are stronger than a binary neutron star system at the same distance; thus, the reach of the detectors' for a black holes search is much larger than for a neutron star search. For the Second Science Run, this means a reach of up to 8 Mpc (compared to 1.5 Mpc) for sources with average orientation and position in the sky. Moreover, astrophysical rates for these systems (low mass binary black holes) are not well known, so observational limits are very important for population models. We also plan to perform, starting with the Second Science Run, a search for inspiral waveforms of very low mass (< 1M ), or primordial, black holes, which can be part of the MACHO population in the galactic halo. These waveforms have may cycles in the LIGO band and are well approximated with post-Newtonian expansion; the challenge in this search is of a computational nature, similar to blind searches of continuous waveforms.
Search for bursts
The search for gravitational wave bursts is very different from the templated searches for continuous waves and inspiral waveforms, since there are no generic "templates" for the bursts, even for those expected from astrophysical sources such as supernovae explosions or binary systems coalescences. Several algorithms were devised to look for unmodelled bursts, and results from two of these algorithms were used to search the data from the three LIGO detectors in the First Science Run [4] . The two algorithms were qualitatively different: one used a time-frequency clustering analysis, the other a slope detection in the time domain. They were sensitive to bursts with durations between 4 ms and 100 ms, and frequencies between 150 Hz and 3000 Hz. The observation time consisted only of the time when the three interferometers were operating simultaneously, and calibration information was reliable: this resulted in 35.5 hours. Both methods produced lists of triggers, and only those coincident in time were considered event candidates (a frequency consistency was also used for the time-frequency algorithm). To asses the likelihood of these surviving candidates being real events, the background of accidental coincidences was estimated by searching for coincidences between time-shifted data streams between the two LIGO Observatories, using the same procedures as those looking for coincidencet triggers in the "zero-lag" time series. The background estimate proved to be limited by the non-stationary behavior of the instruments during the run; the time-domain method was especially sensitive to this since it had a fixed threshold. For this reason, only the results of the time-frequency diagram were taken to set an upper limit. This search produced six coincident triggers, and had an estimated background of 10 events. At the 90% level, this yields an upper limit of 2.3 events in 35.5 hrs, or 1.6 events/day.
In order to translate this result into an upper limit for signals of a given amplitude, a model is needed for the target waveforms and source population. Using Gaussian waveforms of different widths, and sine waves modulated by a Gaussian amplitude, we can define an upper limit as a function of amplitude. We measure the efficiency of the search as a function of signal amplitude, for signals arriving to Earth from all directions and all polarizations. This efficiency (different for each search, and for each modeled waveform) is unity at large amplitudes, and small at low amplitudes. Dividing the observed event rate (1.6 events/day) by the efficiency curve for a given waveform results in an upper limit rate as a function of amplitude. The rate upper limit so calculated is, for example, 2 per day, for Gaussian with root-sum-square amplitude h rss > 3 × 10 −18 / √ Hz and 1ms width; and for sine Gaussian with h rss > 2 × 10 −18 / √ Hz, central frequency of 554 Hz and a width represented with a Q of 9. The upper limits obtained by this search are the best observational limits on frequencies below 800 Hz (since bar detectors work at narrow frequency bands between 800 Hz and 1 kHz).
Searches using the data from the Second Science Run are being performed using more different algorithms, which should improve the likelihood of detection of unmodelled sources. A search for triggers coincident with Gamma Ray Bursts will provide the first example of a "triggered" burst search. Moreover, templated searches for short bursts using waveforms for black hole ringdowns and supernovae explosions, also being planned for the Second Science Run, will be done for the first time.
Search for stochastic background
The search for an stochastic background is fundamentally different from the other searches described so far, in several aspects: the target source does not have a particular waveform, or frequency, or time duration: it is a random source, coming form all directions in the sky. In principle, it would show up in a single detector just as another noise source, and could only be proven by ruling out all other possible sources of noise: this is an almost impossible challenge. However, since the signal, but not the measured noise, would be correlated among different detectors, a crosscorrelation spectrum can be used to detect a background, or, in the absence of detection, to set upper limits on the strength of a gravitational-wave background. In this way, upper limits (or detections) of a spectral density of a gravitational wave background well below the noise spectral amplitude of the detectors can be easily set. Such an analysis was done with the data from all three interferometers in the First Science Run. The search resulted in a 90% confidence limit Ω 0 h 2 100 < 23 in the frequency band 40 to 314 Hz, where h 100 is the Hubble constant in units of 100 km/sec/Mpc and Ω 0 is the gravitational wave energy density per logarithmic frequency interval in units of the closure density [5] . While the result does not constrain any cosmological model, it is four order of magnitudes better than previous direct limits on a broadband gravitational wave background, although only slightly better than limits on narrow frequency bands set by bar detectors. The search also resulted in a better understanding of practical issues related to signal processing methods, and limitations presented by correlated noise. For example, a correlated instrumental background was detected between the two detectors in the Hanford Observatory, with a negative correlation later traced to acoustical noise in the detectors' output. Correlations between the two observatories were also found at discrete frequencies related to power lines (multiples of 60 Hz) and to the data acquisition system (multiples of 16 Hz).
The same method will be applied to data from the Second and Third Science Runs, and limits for Ω 0 h 2 100 below unity are expected. When the detectors reach their goal sensitivity with one year of integrated operation, limits below the present ones set by Big Bang nucleosynthesis (Ω 0 h 2 100 < 10 −5 ) can be set, providing constraints to cosmological models.
There are also on-going analyses and projects for future science runs to use correlations between the LIGO Livingston detector and the nearby ALLEGRO bar detector at Louisiana State University.
Conclusions: The Future
The First Science Run, with interferometric detectors operating at a better sensitivity than any previous interferometric detector, provided the opportunity to test data analysis methods searching for different kinds of gravitational waves. Although no gravitational waves were expected or detected, all the performed searches achieved record upper limits on the targeted sources. Moreover, the experience provided a basis for improved methods to use on better and longer data sets from the Second and Third Science Runs. Some of these results and progress on the on-going searches are presented in other articles in this volume. The improvement in detector sensitivity for these science runs, and the performance of the data analysis methods used so far, promise a new era of gravitational wave astronomy about to start, with results with astrophysical implications, and potential for new discoveries.
